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Abstract 
Pure zirconia nanofibers were fabricated by electrospinning zirconia-polymer precursor and 
subsequent annealing. Fiber properties such as polymer decomposition, crystallization formation, 
phase transformation, surface morphologies, etc., were investigated by various techniques, 
including thermogravimetric analysis (TGA) and differential thermal analysis (DTA), high 
temperature differential scanning calorimeter (HTDSC), powder X-ray diffractometer (XRD), 
field emission scanning electron microscopy (FESEM), etc. It was found the crystallization of 
as-spun fibers started at 450 °C and the initial crystallized zirconia phase was tetragonal (t), 
which began transforming to monoclinic (m) phase at 650 °C as evidenced by XRD; HTDSC 
showed at different thermal circles, the m-to-t transformation temperatures remained virtually 
unchanged while the reverse t-to-m temperatures systematically shifted from 924.9 to 978.6 °C 
as the progress of thermal circles; FESEM examinations revealed that fibers calcined to 1000 °C 
went through thermal grooving due to surface diffusion during heat treatment; fibers heated to 
1370 °C formed the so-called “bamboo wires”, where volume diffusion was the dominant 
driving force. 
A novel route to fabricate nanofiber-based anodes for solid oxide fuel cells (SOFCs) was also 
presented. Uniform YSZ nanofibers were first synthesized by electrospinning of 8YSZ 
dispersion. The fiber surfaces were then electrolessly plated with a layer of Ni after sintering. 
The Ni-YSZ nanofibers were slurry-coated on a commercial half cell as the anode and the cell 
performance was tested; the Ni content was quantified by XPS. A second cell with the same Ni 
content in the anode as the first one, prepared by conventional ball-milling of powders, was also 
fabricated and tested. We found the peak power density for the cell with the fiber-based anode is 
twice of that with the powder-based anode; the FESEM images of the two cells showed that the 
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fiber-coated anode mainly consisted of nanofibers, which formed an interconnected network 
within the anode; on the other hand, the particles in the powder-coated anode formed sphere-like 
granules that are unorganized and are not well-connected, which will not be advantageous for 
anode functionality. In the end we came up with two anode models that are based on FESEM 
observations and they explained the superiority of the fiber-based anode. 
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1 Introduction 
1.1 Electrospinning Techniques 
In recent years, there has been increased interest in fabrication and investigation of one-
dimensional nanostructured materials, or more specifically, nanofibers due to both scientific 
needs and practical demands. Those nanofibers often find their applications in microelectronics, 
catalysts, hydrogen-storage systems, micro-fluidics, sensors, and medical and pharmaceutical 
fields. Electrospinning represents a simple and promising method for fabricating nanofibers [1]. 
In a typical electrospinning process, a polymer-containing precursor undergoes turbulent 
whipping and branching when extracted by a sufficiently high electric field, leading to the 
formation of a nonwoven mat of nanofibers. Electrospinning is reportedly the only technique that 
realized the fabrication of continuous fibers in nanoscale [2]. 
Electrospinning is a simple but versatile technique that could produce ultrathin fibers from a 
rich variety of materials that include polymer, composites and ceramics [3]. The obtained fibers’ 
diameters can range from micrometer to a few nanometers. This technique is applicable to 
virtually every soluble polymer with multiple choices of addition of functional materials. 
Formalas described the operation of electrospinning in his patent in 1934, where he introduced 
an apparatus for producing polymer filaments by utilizing the electrostatic repulsions between 
surface charges [4]. The increased interest in electrospinning was initiated in the 1990s by the 
possibility of producing polymeric nanofibers under laboratory conditions.  
Fig. 1.1 shows a typical electrospinning setup that uses a perpendicular arrangement of the 
electrodes [5]. As the graph shows, in a typical electrospinning process, a polymer solution or 
melt, which is called precursor, is continuously supplied to a metal capillary tip by a syringe, 
which was driven by a pump at a controlled speed; a high-voltage electrical field is applied 
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between the needle tip and the counter electrode (or collector). In order for the precursor at the 
tip of the needle to eject successfully, the repulsive forces by the electrical field must be high 
enough to overcome the surface tension that holds the precursor together. The precursor will thus 
shoot out from the so called “Taylor cone” and while travelling towards the collector it will go 
through extensive branching and elongation caused by the repulsive forces between the charges 
carried with the jet. Meanwhile, the solvent evaporates, leaving behind a charged polymer fiber. 
In the case of the melt, the precursor would start to solidify in the air before it is collected on the 
counter electrode. 
 
Figure 1.1 A typical setup for electrospinning with a perpendicular arrangement of the electrodes 
reported by Greiner et al [5]. 
Various variables can affect the morphology and diameter of electrospun fibers. These 
parameters include: a) the intrinsic fluid properties of the solution such as viscosity, elasticity, 
conductivity and the polarity and surface tension of the solvent; b) the operational variables, such 
as the strength of the applied electric field, the distance between the tip and the collector, the 
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precursor’s feeding rate; and c) the ambient conditions, such as temperature, relative humidity, 
and air speed at the time of electrospinning.  
1.2 Zirconia Ceramics and Their Applications 
Zirconia, also known as zirconium oxide, is a white crystalline oxide of zirconium with the 
chemical formula ZrO2. Zirconia as a pure oxide does not occur in nature but rather exist in the 
rare mineral—baddeleyite, with a monoclinic crystalline structure. Zirconia is one of the most 
investigated ceramic materials and finds its application in various fields. Pure ZrO2 has a 
monoclinic crystal structure at room temperature and will transition to tetragonal and cubic 
forms at increased temperatures, which are accompanied by dramatic changes in lattice constant. 
A consequence of this phase changes is a large volume expansion upon cooling, which will cause 
pure ZrO2 to crack upon cooling and thus makes the synthesis of pure zirconia ceramics 
impossible. However, the volume expansion can be positively taken advantage of through a 
process called “transformation toughening”, where with proper chemical additions and thermal 
treatment zirconia is allowed to cool in a confined space which will prevent this volume 
enlargement. As a result, some of the tetragonal phase is retained all the way down to room 
temperature. Fig. 1.2 shows a graph where lens-shaped tetragonal zirconia precipitates were 
formed in MgO-stabilized zirconia matrix [6]. After transformation-toughening, each tetragonal 
zirconia precipitate is under compression and is full of energy that wants to be released. 
Whenever there is a crack in the material, tetragonal particles next to the crack will try to expand 
and transform back to their stable monoclinic form. The crack is thus healed and the material is 
able to retain its full mechanical strength. The fracture toughness of transformation-toughened 
zirconia can be 3-6 times higher than common zirconia and other ceramics. Thus the reliability  
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and lifetime of the products made with stabilized zirconia can be significantly enhanced and 
extended [7,8]. 
Figure 1.2 The microstructure of one type of transformation-toughened zirconia (Courtesy of 
A.H. Heuer, Case Western Reserve University). 
Another way to expand zirconia’s applications and usage to places where huge temperature 
changes exist, is by stabilization where some other oxides are added into the zirconia matrix as 
dopants. A couple of different oxides could be added for this purpose to stabilize the tetragonal 
and/or cubic phases, for example magnesium oxide (MgO), yttrium oxide, (Y2O3), calcium oxide 
(CaO), and cerium (III) oxide (Ce2O3), amongst others. 
Although stabilized zirconia is very useful in engineering fields, sometimes the metastable t 
phase is the preferred state. Aside from transformation-toughtening, t-phased zirconia is widely 
used in thermal barrier coatings (TBCs), where zirconia acts as a protection layer on turbines to 
alleviate the extreme thermal conditions where the engine’s blade is working. The t phase is 
preferred against c phase because the latter would compromise the cyclic thermal fatigue life of 
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the engine blade [9]. 
Single crystals of the c phase of zirconia are commonly used as diamond simulant, which 
when compared to diamond is more affordable but they have similar textures; stabilized zirconia 
is used in oxygen sensors and used as fuel cell membranes because it has the ability to allow 
oxygen ions to move with low resistance through the crystal structure at high temperatures, 
which has made zriconia one of the most useful electroceramics; zirconia materials are widely 
used to make the cutting edges of knives and scissors to avoid their premature abrasion or 
blunting; c-phased zirconia is also used in other fields such as in insulation, abrasives, enamels 
and ceramic glazes as refractory materials. 
The key properties that enabled zirconia ceremics’s wide usage include: 
• High strength and fracture toughness coupled with high hardness (e.g. zirconia has 
Knoop hardness of 1300, compared with alumina’s 2100, and SS 316’s 169); 
• Exceptional chemical resistance and refractory properties; 
• Low thermal conductivity (~20% that of alumina); 
• Good ionic conductivity at elevated temperatures. 
1.3 Hydrogen and Its Role as an Alternative Energy Carrier  
Hydrogen is the lightest and most abundant chemical element, constituting roughly 75 % of 
the Universe's elemental mass. Despite its simplicity and abundance, hydrogen doesn't occur 
naturally as a gas on the Earth - it's always combined with other elements in the form of 
compounds. 
Hydrogen gas was first produced in the early 16th century, via the mixing of metals with 
strong acids.  But hydrogen gas was not recognized by people as a discrete substance until 1766  
  
6 
 
when British scientist Henry Cavendish published his discovery in a paper and called it 
“inflammable air”.  
The most economical way of producing hydrogen in industrial practice involves the removal 
of hydrogen from hydrocarbons by a steam reforming process. Bulk commercial hydrogen is 
usually produced by the steam reforming of natural gas. In the process, steam will react with 
methane to yield carbon monoxide and hydrogen at high temperatures (usually around 800–
1200 °C). Most hydrogen produced will be utilized near its production site, with the two largest 
uses being fossil fuel processing and ammonia production, mostly for the fertilizer market. The 
method often used at laboratory conditions is the electrolysis of water, which is more energy-
intensive when compared with industrial productions. Another way of producing hydrogen is 
through thermochemical cycles. Thermochemical cycles are a set of reactions designed to 
decompose water. These cycles promise to produce hydrogen and oxygen from water and heat 
without using electricity. Since all the input energy for such processes is heat, they can be more 
efficient than high-temperature electrolysis. There are more than 200 thermochemical cycles 
which can be used for water splitting and around a dozen of these cycles such as the iron oxide 
cycle, are currently under research and in testing phase. 
An energy carrier is a substance or phenomenon that can be used to generate power and can 
be carried along from one place to another. As an alternative energy carrier, hydrogen is ideal: 
theoretically it will produce no pollution as other fossil fuels and the only waste is water; it has a 
plentiful supply because there are all kinds of techniques for hydrogen generation. The more 
preferable form of utilizing the energy stored in hydrogen is by electrochemical reactions in 
suitable devices instead of by combustion, which is usually less efficient in energy conversions.  
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One such device that can extract the chemical energy stored in hydrogen and convert it to 
electrical energy is solid oxide fuel cells (SOFCs). 
1.4 Solid Oxide Fuel Cells 
Researchers and engineers have long dreamed of being able to obtain the benefits of clean 
electric power without the heavy-polluting combustors or batteries. Solar panels and wind farms 
are familiar images of alternative energy technologies. While they are effective sources of 
electrical energy, their operations generally rely too heavily on weather conditions which are out 
of human control. For instance, simply a cloudy or windless day would reduce, if not totally cut 
off, their power output capacities dramatically. In addition, their applications are somewhat 
confined due to the technical barriers that still need to be overcome, such as the high cost of 
photosensitive solar panels, and the lack of portability for wind power.  
In 1962 a breakthrough in energy research occurred and scientists at Westinghouse Electric 
Corporation (now Siemens Westinghouse) demonstrated for the first time that electricity can be 
extracted from a device that they called a "solid electrolyte fuel cell", which was the prototype of 
solid oxide fuel cells (SOFCs). Since then intense research and development initiatives have 
revolved around this emerging technology with the hope of find a new source of alternative 
energy source. Currently, fuel cell technology is ripening extensively and is on the verge of being 
ready for large scale commercial implementation, on the background of energy source shortage 
and environmental issues. 
Essentially, SOFCs are electrochemical devices that use a thin solid layer of certain oxide 
materials, typically YSZ, as the electrolyte (See Fig. 1.3). When air is fed onto the cathode, 
oxygen will be absorbed by the electrode and electrochemical reactions will take place where 
 Figure 1.3 Diagram illustrating the
oxygen is converted to oxygen ions, which 
through the electrolyte. On the anode 
flow through the external circuit to generate power. The protons left on the anode will combine 
with the incoming oxygen ions and form water molecules, 
system as waste. SOFCs literately can 
repeats itself as long as fuels and 
SOFCs stayed at the center of research due to the
60% unassisted, up to 70% in pressurized hybrid system) 
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 mechanism of SOFC operation. 
will be transported to the anode side 
the supplied hydrogen is deprived of electrons, which will 
which will be removed from
generate power in a continuous mode as the reaction 
air are supplied.  
ir high efficiency in energy conversion
compared to engines and modern 
after passing 
 the 
s (40-
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thermal power plants (30-40% efficient). Another advantage of SOFCs is that various types of 
fuels can be used. Besides hydrogen and carbon monoxide, SOFCs can run on many other 
common hydrocarbon fuels such as natural gas, diesel, gasoline and alcohol without the need to 
reform the fuel into pure hydrogen. While in other types of fuel cells, such as the polymer 
electrolyte fuel cells that are fueled with pure hydrogen, the carbon monoxide is a poison. 
SOFCs are attractive as energy sources also because they are clean, reliable, and almost entirely 
nonpolluting. For instance, if hydrogen is used as the fuel, the only waste generated is water. 
Because there are no moving parts and the cells are therefore vibration-free, the noise pollution 
associated with power generation is also eliminated. 
Traditional SOFCs operate at very high temperatures, typically between 800 and 1000 °C. At 
these temperatures, not only the cell’s structural integrality is threatened by different thermal 
expansion coefficient (TEC) among cell components, other problems such as nickel coarsening, 
cell long term stability became dramatic. There have been a lot of research efforts to bring down 
SOFCs’ working temperature and currently most cells were reported to be successfully working 
in the range of 600–800 °C. Operation at less than 700°C means that low cost metallic materials 
e.g. ferritic stainless steels can be used as interconnect and construction materials. This makes 
both the stack and balance of plant cheaper and more robust. Using ferritic materials also 
significantly reduces the risk of chromium contamination of cell stack components. Reduced 
temperature also brings other benefits such as rapid start up and shut down procedures, 
relaxation of the design and materials requirements of the power plant, and reduced corrosion 
rates, etc. 
Unlike most other types of fuel cells, SOFCs can be made into different geometries. The 
planar fuel cell design, where the electrolyte is sandwiched in between the electrodes, is the most 
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investigated geometry by researchers all over the world. SOFCs can also have tubular geometries 
where either air or fuel is passed through the inside of the tube and the other gas runs outside the 
tube. Although the tubular design has benefits of ease of sealing, the performance of the planar 
design is currently better than the performance of the tubular design because the planar design 
has a lower resistance comparatively. Other geometries of SOFCs include modified planar fuel 
cell designs, where a wave-like structure replaces the traditional flat configuration of the planar 
cell. Such designs are highly promising, because they share the advantages of both planar cells 
and tubular cells. 
SOFCs find their applications in various fields. They have been targeted for stationary power 
and heat generation for homes and businesses as well as auxiliary power units for electrical 
systems in vehicles because of their portability. The high operating temperatures than other types 
of fuel cells have also enabled them to be used together with other technologies and applications 
to recover some of the “waste heat” from the cell stacks to increase the overall efficiency of the 
unit. For instance, SOFCs can be linked with a gas turbine, in which the hot, high pressure 
exhaust of the fuel cell can be used to propel the turbine, generating a second source of electricity. 
1.5 Project Objectives 
In short, the primary objective of this project was to use Ni-coated electrospun YSZ fibers to 
fabricate the anode for SOFCs and examine what improvement this novel anode structure will 
bring in terms of cell performance, when compared to the cell with conventional anodes prepared 
by ball milling of powders. The state-of-the-art materials for SOFC anode were used: YSZ and 
NiO. In addition to its usage on SOFC, ZrO2 is an important ceramic material in both technical 
and engineering fields with interesting properties; one such intriguing quality is the 
transformation of zirconia’s three phases. Therefore, a secondary goal for this project was to 
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investigated electrospun zirconia fibers’ phase transformation and morphological evolutions 
during thermal annealing, with the help of a variety of instruments, including TGA, HTDSC, 
XRD, FESEM, TEM, etc. 
1.6 Thesis Overview 
Chapter 1 introduces the topics of electrospinning, solid oxide fuel cells (SOFCs) and the 
materials for SOFCs, including zirconia and yttria-stabilized-zirconia (YSZ). 
Chapter 2 provides a review of literature on phase transformation of zirconia and solid oxide 
fuel cells. The three components of a fuel cell, which are the anode, the electrolyte, and the 
cathode, are discussed based on others’ work; the concept of three phase boundaries (TPBs) is 
emphasized. 
Chapter 3 describes the fabrication of zirconia nanofibers by electrospinning based on a 
“spinning upwards” test-rig configuration. 
Chapter 4 analyzes the morphology and phase transformations of electrospun zirconia fibers 
by using TGA, HTDSC, XRD, FESEM, TEM techniques. The fibers’ weight change vs. 
temperature is reported. Also reported are fibers’ thermal behaviors, i.e. phase formation and 
transformations, which is confirmed by XRD. Fiber’s surface morphologies are also examined. 
Chapter 5 explains the fabrication of Ni-coated YSZ fibers and proposes that the coated YSZ 
fibers can bring new perspective to the field of SOFCs. The surface morphologies of the coated 
fibers are investigated by FESEM; Ni content and Ni phase are examined by EDS and XRD. 
Chapter 6 presents the preparation of button cells and their testing results. The buildup of the 
testing chamber is explained first, followed by the testing results of a commercial button cell. 
Then the deposition of Ni-YSZ fibers as anode layer on a half cell is explained. A second cell  
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with the same Ni content as the Ni-YSZ fibers is prepared by conventional powders. The 
performance of both cells at different temperatures are reported and compared. 
Chapter 7 summarizes the major observations and conclusions on phase transformations of 
zirconia fibers, followed by a short summary on synthesis of Ni-YSZ fibers and their usage as 
anode for SOFCs. 
 
 
  
 2.1 Phase Transformations
Zirconia has been extensively investigated because of its technical importance and broad 
practical applications [10,11], such as thermal barrier coatings [
solid oxide fuel cells [13,14], gas
biomaterial [18], glass ceramics [
chemical stability [20], good refractory properties, 
are largely based on the crystal structures of zirconia [
atmospheric pressure pure zirconia takes on three 
tetragonal (t), and cubic (c) [22]. 
transformation takes place reversibly at 
The phase inversion relationship 
It is worthwhile to mention that 
improve its mechanical properties [
engineering fields. 
In nano regime, unusual phases could be observed that only exist at high temperatures for 
“ordinary” materials. M. J. Mayo
by using high temperature differential scanning calorimetry
found the m to t phase transformation would appear as endothermic event on heating and 
exothermic event for the reverse transformation; 
transformation temperature varies linearly with 
shifts can be as large as hundreds of degrees.
13 
2 Literature Review 
 of Zirconia 
12], electrolytes 
 sensors [15], gate dielectrics [16], catalysts [
19] and so on. Its unique properties such as high toughness and 
good ionic conductivity at high temperatures 
21]. It is well established that under 
possible polymorphic phases: monoclinic (m), 
M-phase is the common room-temperature stable form; m
~1170 °C, and it will turn into c-phase at 
of zirconia is summarized as follows: 
T-to-m transition in zirconia is one of the effective ways 
24], which can greatly expand the materials’ applications in 
 et al [25] investigated nanocrystalline YSZ powders and pellets 
 (HTDSC) and dila
they showed that the t to m phase 
inverse crystallite/grain size and this temperature 
 Fig. 2.1 shows a set of HTDSC curves 
and anodes in 
17], ceramic 
-to-t 
~2350 °C [23]. 
 
to 
tometry. They 
that 
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explained the dependence of temperature of t-to-m phase transformation on particle sizes 
reported by Mayo et al [25]; we can see that when particle sizes were reduced from 418 nm to 
100 nm, the phase-transformation temperature reduced by as high as 180 °C. 
.  
Figure 2.1 A set of HTDSC curves of the 0.5YSZ power samples during cooling reported by 
Mayo et al [25]. 
 Arun Suresh et al [26] reported that during HTDSC runs the onset temperature for the phase 
transformation remained virtually identical on heating while varied systematically with grain size 
on cooling; the odd heating behavior was attributed to the high density of twin interfaces present 
in room temperature (monoclinic) powders, which would make the “apparent” grain size 
unchanged during thermal cycling. Using both experimental approaches and theoretical analysis, 
Y. L. Zhang et al [27] concluded that for zirconia particles with d<14 nm are thermodynamically 
stable at room temperature, while particles with 14<d<31 nm are metastable possible due to a 
kinetic nucleation barrier; the thermodynamic calculation indicated that when zirconia’s particle 
size is bellow 13 nm, the surface free energy difference between t and m phases exceeds the 
volume chemical free energy difference between two phases at room temperature, thus leading to 
the stabilization of m phase at room temperature.  
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2.2 Solid Oxide Fuel Cells 
2.2.1 The Anode 
Ni-YSZ is the most common materials for SOFC anode investigated by researchers all over 
the world. In the anode composite, nickel serves as an excellent reforming catalyst and electro-
catalyst for electrochemical oxidation of hydrogen; it also provides predominant electronic 
conductivity for anode [ 28 ]. In the mean time, the YSZ constitutes a framework for the 
dispersion of Ni particles and acts as an inhibitor for the coarsening of Ni powders during both 
consolidation and operation; additionally, it offers a significant part of ionic contribution to the 
overall conductivity, thus effectively broadening the three-phase boundaries (TPBs). In terms of 
microstructure, more than 30%, by volume, of continuous porosity is required to facilitate the 
transport of reactant and product gases [28]; in some modern cell designs, a graded anode is used 
to achieve coarse porosity and high mechanical strength in most of the anode, and fine micro-
porosity in the anode zone immediately adjacent to the electrolyte [29]. 
 It was reported [28] that the particle size of YSZ has to be controlled as well, because coarse 
YSZ particles in the anode are more likely to show large shrinkage during firing and reducing of 
NiO. If the shrinkage becomes too high, the force due to adhesive constraint and structural 
movement could cause some macrocracks and rapid degradation of cell. From an electrocatalyst 
point of view, another likely consequence of use of coarse YSZ powder in formulating anode 
cermet, is the decline in the triple-phase boundary area where electrochemical oxidation of fuels 
takes place. 
2.2.2 Importance of TPBs and TPB Reconstruction 
The concept of TPBs is so crucial for SOFCs that it deserves some more words. As explained 
previously, TPBs of SOFCs are the area of contact between the three phases that are 
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indispensible for electrochemical reactions to take place on the electrode: ion conducting phase, 
electron conducting phase, and gas phase. It is widely viewed that a SOFC can maximize the 
current flow by maximizing the TPB length, which allows for more reaction sites.  
 
Figure 2.2 3D reconstruction of the TPB map in the anode [30]. 
In recent years, as the progress of modern microscopes, researchers around the world have 
been able to look at the TPBs in forms that are much closer to their original state. In 2006 Wilson 
et al [30] presented some interesting observations of TPBs in a SOFC by using FIB-SEM. They 
started with the cross-section of a SOFC and they used FIB to “shave” a thin layer off the 
specimen and a SEM image was taken right after every “shave”. In the end, a 3D reconstruction 
of the whole anode was achieved by stacking up the 2D images in 3D space. By utilizing an 
algorithm the TPBs in 3D space (see Fig. 2.2) were recovered. They also estimated the volume-
specific TPB length for the anode to be 4.28 × 1012 m/m3. 
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2.2.3 The Electrolyte 
YSZ membranes are the most widely applied solid-state electrolytes of SOFCs because of 
their high ionic conductivity at elevated temperatures, good thermal/chemical stability, and 
favorable mechanical strength [31].  
 
Figure 2.3 Dense electrolyte structure reported by Zhou et al [31]. 
In order to ensure good open circuit voltage (OCV) and performance, the YSZ membranes 
have to be dense and air-tight to prevent gas leakage and to enhance good ionic conductivity. For 
this purpose electrolyte layers usually have to be sintered at above 1400 °C [32]. Fig. 2.3 shows 
the dense, pore-free electrolyte prepared by Zhou et al by a wet powder spraying (WPS) 
technique [31]. The electrolyte shown in the graph was deposited on an anode substrate and was 
sintered at 1400 °C for 5 hours. They also reported that the pre-sinteration of the anode substrate 
to ~ 1000 °C was critical to obtain such crack-free dense thin electrolyte film [31].  Although 
high temperature calcinations is needed for obtaining dense electrolyte layers, the high 
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temperature tends to greatly threaten the integrity of other cell components. For example, it 
might cause coarsening of the microstructures of the Ni-YSZ cermet and can result in interfacial 
reactions between the cathode materials and the electrolyte material, forming e.g. La2Zr2O7. The 
grain coarsening will lead to reduced active area/ three phase boundaries (TPBs), where actual 
catalytic reaction take place on the anode; the interfacial reactions on the cathode side will render 
slower oxygen reduction because of the loss of active materials [33].  
2.2.4 The Cathode 
As in the case of the anode, it is widely believed that in the cathode electrochemical reactions 
can only occur at the TPBs inside the cathode, which are the confluence of sites where the 
oxygen ion conductor, electronic conductor, and the gas phase come on contact [34].For SOFCs 
using YSZ electrolyte, Sr-doped LaMnO3 (LSM) perovskite is a widely investigated cathode 
material because of its thermal and chemical compatibility with YSZ, high electrochemical 
activity for oxygen reduction reaction, and high structural stability at high temperatures [35]. 
LSM has been known to be the most stable cathode material for high-temperature SOFCs. 
However, it becomes much less effective when the operation temperature is decreased to the 
intermediate range of 600-800 °C due to the poor ionic conductivity of LSM perovskites. In 
order to enhance the ionic conduction in LSM materials, numerous attempts have been 
undertaken to improve the performance of LSM-based cathodes by forming composite [35]. The 
common approach is to mix an ionic conducting phase, such as YSZ or GDC, with electronic 
conducting LSM to expand the TPBs for the O2 reduction reaction in the cathode.  
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3 Fabrication of ZrO2 Nanofibers by Electrospinning 
3.1 Electrospinning Rig Setup 
The major components of an electrospinning setup include a high-voltage source, a 
programmable syringe pump controlled by a computer, and a fiber-collecting plate, which needs 
to be grounded. A novel “spinning upwards” arrangement, as sketched in Fig. 3.1, was used in 
this study as opposed to the conventional setup of spinning sideways or downwards as described 
by other authors (see Fig. 3.2 for the conventional setup) [36,37,38,39]. When compared with 
spinning sideways, our novel configuration aligned the precursor’s electrical force with gravity, 
which was found to yield more uniform fibers; it also avoided contamination and destruction of 
spun-membrane by possible droplets dripping down from needle tip because of excess precursor 
supply in spinning downwards setup. Fig. 3.2 shows the closeup of the needle tip while 
electrospinning. It can be seen that fibers are pulled out by the electrical field and the fibers 
coming out formed a cone shape. 
 
Figure 3.1 Schematic of the electrospinning rig setup employed in this study. 
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Figure 3.2 Comparison of conventional electrospinning setup: spinning sideways (left) [38] and 
spinning downwards (right) [39]. 
 
Figure 3.3 The closeup of the electrospinning tip. 
3.2 Electrospinning of Zirconia Nanofibers 
Zirconia-polymer nanofibers were fabricated by using the above-mentioned electrospinning 
apparatus. For a successful electrospinning, the viscosity of the precursor was found to be the 
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most important parameter. If the precursor were too thin, droplets will be collected on the plate 
instead of fibers; on the other hand, if it were too thick, the precursor will be pulled out from the 
tip as thick bands hanging between the plate and the tip. The spinnability of precursors was also 
found to be associated with the polymer’s molecular weight (m.w.). Generally speaking, if one 
electrospinning is successful with a certain concentration of polymer that has a particular m.w., 
and later the same polymer with a higher m.w. is to be used, the concentration of the new 
polymer in the precursor has to be reduced in order to successfully obtain fibers. 
Because there are countless ways of doing the electrospinning, the precursor preparation and 
electrospinning process parameters described below reflected the optimal combinations that led 
to the production of uniform and continuous fibers after dozens of tryout in our lab. 17 wt% of 
Polyvinylpyrrolidone (PVP) solution was first prepared by dissolving PVP (Sigma Aldrich, USA, 
molecular weight 1.3 million) in ethanol in a vial and let it sit for a couple of days until a clear, 
homogeneous and thick mixture was formed. Zirconia dispersion (Nyacol Nano Technologies, 
USA, wt% = 20%, particle size 5-10 nm) was then added to the prepared PVP solution in a 
weight ratio of 4.9:1. The mixed precursor was ultrasonicated for 3 min and was then stirred for 
1 hour on a magnetic stirrer before loading into a 10 ml syringe. The syringe was then installed 
on the pump, which can be controlled by a computer. The typical working voltage, feeding rate, 
and tip-to-plate distance during electrospinning were 6.2 kV, 2 ml/h, and 8 cm, respectively.  
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4 Morphology and Phase Investigation of Electrospun ZrO2 Fibers 
4.1 Instrumentation 
Transmission electron microscopy (TEM) (model 2010, Jeol Ltd, Japan) was used to examine 
the initial particle size of the zirconia dispersion. TEM samples were prepared by first diluting 
the suspension with water and then sampling a small amount of the liquid using a pipette and 
laying a droplet on a TEM copper grid (lacey carbon, 200 mesh). The copper grid was dried in 
air and we found that for better resolution under TEM the sample has to be baked overnight in a 
furnace at relative low temperatures (e.g. 70 °C) to expel the moisture content. Otherwise the 
specimen is prone to shift slowly upon the bombardment of electrons in the microscopy, which 
makes high-resolution imaging impossible. This phenomenon became more dramatic under 
higher operating voltages. 
The as-spun nanofibers were collected from the grounded aluminum plate and cut and rolled 
into different shapes for various inspections. Fiber surface characteristics were examined by 
using a field emission scanning electron microscopy (FESEM) (Model Quanta 3D FEG, FEI 
Company, USA); powder X-ray diffraction (XRD) measurements were performed on a X-ray 
diffractometer (MiniFlex XRD, Rigaku Corporation, Japan) with Ni-filtered Cu Kα radiation 
(λ=1.54178 Å). For all samples, XRD spectra were obtained by scanning over 2θ angles of 20-80° 
at scanning speed of 2 °/min and step width of 0.02°; fibers’ thermal behaviors were inspected by 
a thermogravimetric analyzer (TGA) (Model Q50, TA Instruments, USA) in the temperature 
range of 25 to 1000 °C; high temperature differential scanning calorimeter (HTDSC) (Model 
DSC 404 F1 Pegasus, NETZSCH Group, Germany) was employed to examine fibers’ 
thermodynamic behaviors. Platinum pans were used for all HTDSC testing instead of alumina 
ones because the former were found to give more remarkable peak events, which was attributed 
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to platinum’s better thermal conductivity and thus being more responsive to changes of heat flow 
in the process of the measurements. Before each sample measurement, a baseline run was 
conducted and recorded using two empty pans under the same experimental conditions as would 
be used later for sample testing. In a typical HTDSC testing, 15 mg of as-spun zirconia 
nanofibers was loaded. No isothermal processes were used during HTDSC calcinations, i.e., all 
samples were heated to the end temperatures and cooled down immediately. Both TGA and 
HTDSC analyses were repeated several times to ensure good reproducibility.  
4.2 TGA and First-run HTDSC Curves 
Typical TGA and DTA analysis and the first-run HTDSC curve are shown in Fig. 4.1 (top and 
bottom). For both TGA and HTDSC testing, the heating rate was 10 °C/min and the air flow rate 
was 20 ml/min. It could be noted from the top graph that during heat treatment the fibers had two 
major weight losses, represented by two peaks on the DTA curve. Correspondingly, the HTDSC 
curve showed two opposite thermal events around the same temperature ranges as the TGA 
graph: an endothermic process that was identified to start from room temperature to 270 °C, and 
an exothermic process from 270 °C to 450 °C. It is believed that the first major weight loss, with 
mass reduction of 23%, was due to evaporation of residual moisture and ethanol content in the 
fibers, which would be heat-absorbing process by its nature and thus is in agreement with 
HTDSC result; the second major weight loss, starting at 270 °C with mass reduction of 23.5%, 
resulted from the decomposition and burning off of PVP polymers and other minor organic 
constituents introduced from the original zirconia colloid. Thus it seems reasonable to conclude 
that in air atmosphere the onset temperature for PVP decomposition is 270 °C.  
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Figure 4.1 TGA combined with DTA curves (top) and first-run HTDSC graph (bottom) of as-
spun zirconia-polymer nanofibers. The two strong peaks on DTA curve are attributed to residual 
moisture evaporation and PVP polymer decomposition, respectively; the exothermic peak 
starting at 450 °C on HTDSC plot is due to crystallization formation while the peak starting at 
560°C is due to m-to-t transition. 
It also came to our attention that another two exothermic events took place later on the 
HTDSC curve while on the TGA graph no significant weight losses were seen. With the help of 
NETZSCH Proteus Thermal Analysis (software ver. 5.01), the onset temperatures for these two 
exothermic processes were identified to be 450 °C and 560 °C, respectively. These two events 
were attributed to crystallization formation and solid-state transitions of ceramic zirconia 
nanofibers, which would be discussed later in Sec. 4.4 where XRD results are presented. A 
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weight loss of 2.5% at the end of the TGA curve is attributed to pyrolysis of residual organics 
entrapped inside the fibers. TGA results also show that ~51% of total weight was retained by the 
end of TGA test ending at 1000 °C. 
4.3 HTDSC Measurements of Phase Transitions 
Fig. 4.2 shows two segments of HTDSC testing results of zirconia nanofibers. For all 
measurements, temperature ramp and air flow rate were maintained at 20 °C/min and 20 ml/min, 
respectively. It could be seen that the heating processes (Fig. 4.2 top) exhibit clear endothermic 
events (except for the first-run curve) while on cooling (Fig. 4.2 bottom) the reverse exothermic 
events showed up. These thermal events are strongly related to zirconia’s crystal structure 
changes, i.e., endothermic events during heating is due to m-to-t transitions and exothermic 
events during cooling resulted from the reverse t-to-m transitions, which are in agreement with 
literature [25,26]. Some researchers [40,41] indicated that only peak temperatures (Tpk) on 
HTDSC curves may not be accurate representations of the real transition temperatures (Ttra); the 
onset (Ton) and offset (Toff) temperatures should be taken into consideration for better illustration. 
Herein Ton, Tpk and Toff were identified and determined with NETZSCH Proteus Thermal 
Analysis (software ver. 5.01). The results are listed in Tab. 4.1 for reference. 
Table 4.1 Comparison of onset (Ton), peak (Tpk), and offset (Toff) temperatures at different 
thermal circles a. 
 
Heating  Cooling 
Ton (°C) Tpk (°C) Toff (°C) Ton( °C) Tpk (°C) Toff (°C) 
1st circle - - -  908.2 924.9 937.4 
2nd circle 1172.8 1195.5 1215.9  934.3 949.6 959.3 
3rd circle 1173.1 1197.0 1216.1  945.0 963.6 973.3 
4th circle 1172.8 1197.9 1216.3  951.4 972.7 983.1 
5th circle 1175.1 1198.0 1213.9  953.9 978.6 989.9 
a. One thermal circle refers to heating up to 1370 from 100 °C and cooling down back to    
100 °C. 
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Figure 4.2 Two segments of HTDSC testing results of 5 consecutive thermal circles of zirconia 
nanofibers. Top: Heating processes; bottom: Cooling processes. Endothermic events on heating, 
which represented m-to-t transitions, and exothermic events on cooling, which represented the 
reverse t-to-m transitions, could be clearly identified (except for the first heating process). The 
heating peak temperatures essentially remained unchanged while during cooling they showed 
dramatic shift. 
As Fig. 4.2 (top) shows, the first heating curve appeared flat around 1197 °C where 
endothermic events exhibited in all the rest heating processes. We repeated the tests using as-
spun fibers several times and all indicated no measureable endothermic event for the first heating 
circle. While looking at the first cooling curve in Fig. 4.2 (bottom), an exothermic peak was 
identified representing t-to-m transition, which means m-to-t transformation must have happened 
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at heating. We believe there must have been some exothermic processes taking place at around 
1197 °C that cancelled out the absorbed heat resulted from m-to-t transition, making the first 
heating curve look flat. One such process could be the grain growth under high temperatures, as 
evidenced by FESEM results that will be discussed later. 
For the purpose of simplicity, Tpk was assumed to be Ttra in the following discussion. It could 
be noted from Tab. 4.1 that during heating, the m-to-t temperatures stayed around 1197 °C for all 
4 thermal circles while in the cooling process they systemically shifted from 924.9 for the first 
circle to 978.6 °C for the fifth circle. It is well established that the t-to-m transitions of zirconia 
system are strongly particle-size dependant, i.e. in nanoscale smaller particles will lead to 
stabilization of m-phase at lower temperatures.  Therefore, the temperature increase during 
cooling is ascribed to particle growth during each thermal circle. In this respect the heating 
behavior would then seem somehow unreasonable because they did not show consistent shift as 
cooling process did. M.J. Mayo et al [25] observed and reported the same heating phenomenon, 
explaining that the presence of twin interferences had made the “apparent” grain size equal 
during different heating processes, which would lead to m-to-t transitions taking place around the 
same temperature. We believed that is also the case here. 
4.4 XRD Investigation 
To reveal and examine phase change and transformations of zirconia nanofibers at different 
calcination stages, as-spun fibers annealed to temperatures of 450, 560, 800, 900, 1000 °C in 
HTDSC were cooled down and XRD analyses were carried out afterwards. During annealing, the 
temperature ramp was 10 °C/min for heating and 20 °C/min for cooling and air flow was 
maintained at 20 ml/min.  
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Figure 4.3 XRD spectra of zirconia nanofibers annealed in HTDSC to 450°C (a), 560 °C (b), 
800 °C (c), 900 °C (d), 1000 °C (e). Standard JCPDS data for t- and m- zirconia are provided as 
references. 
The obtained XRD patterns were refined and indexed by Rietveld technique. The refined 
XRD spectra as well as standard JCPDS peak information for t- and m- zirconia are shown in Fig. 
4.3. As can be seen, no peaks were indentified for fibers heated up to 450 °C, which means they 
still took noncyrstalline form; when temperature was raised to 560 °C, t-phase instead of m-
phase exhibited clearly and explicitly, which explained the exothermic event in Fig. 4.1 (bottom) 
from 450 to 560 °C as a crystallization formation process. Similar thermodynamic process was 
reported on YSZ material [42]. The t- and m-phase that showed later were identified to have 
JCPDS No. 79-1771 and 37-1484, respectively. It seems the initial crystal phase right after 
crystallization formation depends strongly on samples’ preparation methods because in literature 
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initial m-phase [21], t-phase [43] and c-phase [44] were all reported although it was stated that 
generally t-form was the preferential phase during crystallization of amorphous zirconia [45].  
When annealing temperatures were gradually lifted to 800, 900, and 1000 °C, the m-phase 
started to show itself steadily and its intensity rose while the t-phase faded away until finally 
disappeared when samples were heated to 1000 °C. While checking HTDSC plot from 560 °C up 
to 1000 °C in Fig. 4.1 (bottom), a relatively broad exothermic peak was detected. Thus it was 
believed this thermal event corresponds to the t-to-m phase transition. As compared to 
transformations of the same nature during cooling, this one happened during first heating only 
and had a lower onset temperature although they both released heat. 
4.5 Electron-microscopy Inspections 
Fig. 4.4 and Fig. 4.5 show the typical TEM image and TEM diffraction pattern of the zirconia 
particles in the as-received dispersion. We found that those particles had sizes of ~ 10 nm, which 
is in agreement with what was claimed by the manufacturer. 
 
Figure 4.4 TEM images of the initial zirconia particles in the dispersion. 
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Figure 4.5 TEM diffraction pattern of the zirconia in the dispersion. 
Zirconia nanofibers were characterized by FESEM both before and after HTDSC calcinations. 
During annealing, the temperature ramp was 20 °C/min and air flow rate was maintained at 20 
ml/min. 
Typical FESEM images of the as-spun nanofibers are displayed in Fig. 4.6. It is obvious that 
long, smooth, uniform and bead-free fibers were successfully fabricated on a large scale, with 
fiber diameters ~300 nm. The fibers can be as long as above 1 mm. Another thing to note is that 
although ethanol has evaporated at this stage, PVP polymers are still present in the fibers. 
Fig. 4.7 shows zirconia fibers that were calcined to 1000 °C (left) and 1370 °C (right), 
respectively. From Fig. 4.7 (left), it could be first noted that after decomposition of PVP 
polymers, the fibers’ original cylindrical shape and continuity were retained and no dramatic 
shrinkage in diameter could be detected when compared to Fig. 4.6 (right). Also, zirconia grains 
with sizes of ~ 50 nm were found arraying tightly against each other with micro-pores present. 
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Figure 4.6 FESEM images of as-spun zirconia-polymer nanofibers. 
 
Figure 4.7 FESEM images of zirconia nanofibers calcined at 1000 °C (left) and 1370 °C (right) 
using HTDSC; insert at right shows typical bridging of two intersecting fibers. 
The grain boundaries are clearly shown as grooves, which roughened the fiber surfaces 
dramatically. The fibers’ microstructure evolution after heat treatment was classically analyzed 
and theorized by Mullin [46] and was named “thermal grooving” (or “grain boundary grooving”) 
It is believed that grooving will occur whenever the stationary grain boundaries of a polycrystal 
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merge to intersect the surface under high temperature. Mullin also proposed two mechanisms for 
thermal grooving: one being evaporation-condensation and the other surface diffusion. In the 
present case, we believe surface diffusion was the dominant driving force since no appreciable 
fiber shrinkage was detected. In literature the same mechanism was suggested for zirconia 
[47,48].      
When calcination temperature was raised to 1370 °C from 1000 °C (Fig. 4.7 (right)), further 
grain growth took place and the so-called “bamboo wires” are apparent, where the grain growth 
is pinned by thermal grooving in fibers when grain size is about the same as fiber diameter, 
leaving no pores behind. Also, as shown in the insert of Fig. 4.7 (right), some fibers were found 
bridging and joining together at the intersections where they were believed to have just barely 
touched each other originally. The observed mass-transport phenomena from Fig. 4.7 (left) to 
(right) were primarily attributed to volume diffusion since the deletion of pores could not result 
from either surface diffusion or evaporation-condensation mechanisms [47]. Because grain 
bridging is favorable at temperatures of 1200 °C and above for zirconia systems [47], Fig. 4.7 
(right) also revealed that heat treatment at temperature of 1370 °C is sufficient to heal 
intergranular pores by sintering of neighboring grains. 
Fig. 4.8 shows zirconia fibers that went through 5 thermal circles in HTDSC between 100 and 
1370 °C. When compared to Fig. 4.7 (right), it could be noted that more shrinkage and necking 
at grain boundaries took place; the grains grew longer, which means the equivalent-particle-size 
have increased and thus also explained the temperature increase of the t-to-m transition in the 
HTDSC tests shown in Fig.4.2 (bottom). It is also worthwhile to mention that in Fig. 4.8 
bridging and joining of fibers happened extensively and they altogether formed an 
interconnected nano-sized zirconia network. 
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Figure 4.8 Typical FESEM images of zirconia nanofibers after 5 circles in HTDSC each heated 
to 1370 °C. 
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5 Preparation of Ni-coated YSZ Fibers and Their Applications on SOFCs 
5.1 Fabrication of 8YSZ Fibers 
The 8YSZ nanofibers were prepared in a similar way as zirconia fibers that were introduced 
in Chapter 3. Yttria and zirconia dispersions were weighed and mixed in a certain ration to give 
the composition of 8 mol% yttria in zirconia; then the prepared PVP solution was added to the 
8YSZ dispersion in a ratio of 1: 4.9 with stirring.  The mixture was then treated by an ultrasonic 
processer (UP 100H, Hielscher Ultrasonic Technology, Germany) for about 5 minutes to ensure 
homogeneity. Finally the precursor was loaded onto the electrospinning rig and the polymer-
containing 8YSZ nanofibers were synthesized. The major sample preparation procedures used in 
this study were summarized in the flow chart shown in Fig. 5.1. 
Figure 5.1 Flow chart illustrating the preparation of Ni-coated 8YSZ. 
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5.2 Introduction to Electroless Ni-plating Technique 
Electroless Ni-plating is an auto-catalytic chemical technique used to deposit a layer of Ni on 
a solid workpiece, such as metals, plastics, or ceramics. This technique replies on a reducing 
agent, for example hydrazine, to react with the metal ions and form the Ni layer. Like most 
plating techniques, for Ni plating generally a plating solution is required where the metal ions are 
dissolved and the workpiece needs to be soaked in the solution during plating. 
As the name indicated, it is not necessary to pass an electrical current through the solution, 
which is required for electroplating of Ni or any other metals. One benefit this brings is that 
nonconductive pieces can be coated with Ni easily without pre-deposition of metals on the 
surface of the piece to be coated; on the other hand, nonconductive workpieces, such as glass or 
ceramic, will render electroplating ineffective without the pre-deposition of the metal layer, 
simple because there is no path for current flow. 
Before performing electroless nickel plating, the material to be plated normally need to  be 
cleaned and treated by a series of cleaning and surface-activating chemicals such as bases and 
acids. This process is called the pre-treatment process. Failure to remove unwanted impurities 
from the part's surface would result in poor plating. After each pre-treatment by the 
corresponding chemicals, water rinsing is usually performed to remove the chemical that adheres 
to the surface. After surface cleaning, activation is done with a weak acid etching solution, or in 
the case of non-metallic substrate, a proprietary solution, which commonly consists of tin-based 
and/or palladium-based chemicals. After the plating process, plated materials will be finished 
with an anti-oxidation or anti-tarnish chemical and pure water rinsing to prevent unwanted stains. 
The rinsed parts would then be completely dried off or sometimes baked off to obtain the full 
hardness of the plating film. 
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5.3 Ni-coating on Fibers 
The polymer-ceramic nanofiber mats collected from the electrospinning machine were 
sintered under different temperatures ranging from 1000 to 1300  °C for 3 hours, which 
completely removed PVP from the as-spun fibers[ 49 ]. The fibers fired under different 
temperatures showed different morphological characteristics as expected.  The fiber mats 
calcined under 1000  ̊C were then sensitized and activized by a Sn-Pd system before Ni coating 
[50]. The sensitization solution consisted of 0.9 g SnCl2, 0.3 ml HCl and 30 ml de-ionized water 
(Di-H2O). The activation solution was composed of 0.003 g PdCl2·H2O, 0.3 ml HCl and 30 ml 
Di-H2O. The chemicals used in this study, such as palladium (II) chloride, tin(II) chloride, 
Ethylenediaminetetraacetic Acid (EDTA), Lactic Acid, Hydrazine Monohydrate, and Sodium 
Hydroxide, were purchased from Sigma-Aldrich, USA. They were used in as-received conditions 
without further purification. 
In a typical nickel coating process, the white 8YSZ nanofiber mats were sequentially treated 
by the above mentioned acidified tin chloride solution and palladium chloride hydrosol, and then 
were immersed in the plating solution (a typical formula of the plating solution was presented in 
Tab. 5.1), which was maintained at temperatures from 55 to 70 ºC in a beaker sitting in a water 
bath. The nickel coated fiber mats, which displayed black color, were washed with de-ionized  
Table 5.1 A typical plating solution used in this study. 
Ni(AC)2 50 g/l 
EDTA 20 g/l 
Lactic Acid 40 ml/l 
N2H4 80 ml/l 
NaOH 35 g/l 
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water several times and subsequently baked in a furnace at 70 ºC for 5 hours. This procedure not 
only removed excess moisture from the samples, it also served as a thermal conditioning process 
which would have stress relieving and partial annealing effects on the obtained Ni-YSZ 
nanofiber composite [51]. 
5.4 Characterizations of the Coated Fibers 
5.4.1. Composition Characterizations  
Figure 5.2 EDS analysis of the Ni-YSZ nanofibers. 
Energy dispersive spectrometer (EDS, equipped on Hitachi S-3600N SEM, Japan) was used 
to investigate the compositional information of the nickel coated YSZ nanofibers (Fig. 5.2). It 
was shown that the atomic ratio (see insert) between yttrium and zirconium was very close to the 
expected ratio of 8 mol% of yttria in zirconia. The presence of nickel element indicated the 
effectiveness of the plating techniques employed in this study. Although nickel content shown on 
the graph was 15.76 mol.%, it can be adjusted and controlled by varying the process parameters 
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such as PdCl2 concentration and deposition time, reaction conditions (temperature, pH value, etc.) 
[52], and additional cycles of activation plating [51].  
X-ray Diffraction (Bruker/Siemens D5000 X-ray diffractometer with Rietveld software) 
analysis was conducted by using Cu Kα radiation with step scan angle of 0.02 ° and a counting 
time of 4s per step. The obtained diffraction pattern (see Fig. 5.3) was analyzed and refined with  
Figure 5.3 XRD spectra of the Ni-YSZ nanofibers. 
Rietveld technique [53]. The results showed that the 8YSZ had a cubic crystalline structure with 
a lattice parameter of 5.139 Å, which was in accordance with the 8YSZ material prepared 
elsewhere [54]. The coated Ni phase was also identified as having a hexagonal crystalline 
structure [ 55 ] rather than being amorphous, which was often the case in Ni-P and Ni-B 
electroless plating processes [56]. Unlike other Ni-coating techniques [57,58], it is apparent no 
unintended traceable elements were found either in the EDS results or in the XRD pattern. 
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5.4.2. Microstructure Characterizations 
Figure 5.4 shows the FEG-SEM (Quanta 3D FEG, FEI Company, USA) images of the as-spun 
and sintered nanofibers. It can be noted from Fig. 5.4 (top left and right) that 8YSZ fibers with a 
typical diameter of ~ 300 nm have been successfully fabricated. These fibers are highly uniform  
 
Figure 5.4 FESEM images of 8YSZ fibers: as-spun (top left) and (top right); after sintering at 
1000 °C (bottom left) and 1300 °C (bottom right) for 3 hours. 
in diameter without beads or other defects. Also the fiber surfaces are smooth and no Y2O3 or 
ZrO2 particles can be seen. The nanofibers fired at 1000  ̊C for 3 hours, shown in Fig. 5.4 
(bottom left), shows considerable coarsening of initial particles, bearing a rough and porous 
structure because of polymer removal and 8YSZ grain growth. From the insert it is estimated that 
Cross-section 
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the 8YSZ particles have grown to ~ 50 nm from the starting ~ 10 nm after the heat treatment. 
From the cross-section of the fibers (indicated in the graph), it’s found that the fibers have a 
uniform porous structure inside and out. It is interesting to see Fig. 5.4 (bottom right), where the 
fibers show pearl-necklace shape with the boundaries between two large grains clearly shown 
when the temperature for calcinations was raised to 1300 ºC [59]. This is attributed to the normal 
grain growth with the decrease in the free energy of the ceramic material when fired to high 
temperatures [60,61], i.e., higher temperatures boosted the diffusion and interaction between 
nearby grains and made them aggregate.  
 
Figure 5.5 FEG-SEM images of Ni-coated 8YSZ fibers. These fibers were sintered at 1000 °C 
for 3 hours before coating. Ni additions on fiber surfaces could easily be noted when compared 
with Fig 5.4 (bottom left). From insert, those coated Ni particles were estimated having particle 
sizes of ~70 nm. 
After forming pure YSZ ceramic nanofibers through calcinations, electroless plating was 
employed to coat the YSZ fibers with Ni. Ni adhesions on YSZ fiber surfaces are evident when 
comparing Fig. 5.5 to Fig. 5.4. The coated surfaces appear rougher than the pure YSZ surfaces 
because of the large Ni particle addition. From Fig. 5.5, Ni particles are found to distribute 
evenly and uniformly on the fiber surfaces, with no major defects such as Ni agglomeration, 
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spallation or separation. It can also be estimated from Fig. 5.5 that the coated Ni particles have 
particle sizes of ~70 nm. 
5.5 Proposition of Ni-8YSZ as Anode Material for SOFCs 
The structure of continuous 8YSZ network bearing connected Ni coatings could bring new 
perspectives to the field of SOFCs [62], i.e. these nickel coated YSZ nanofibers can be used to 
improve the SOFC TPB reaction sites [ 63 ]. In common industrial practice, the 
electrode/electrolyte interface is made by mixing electrode material and electrolyte material 
together. Due to the simple mixing process, many sites do not meet the gas/current/ion paths 
simultaneously thus may not contribute to the fuel cell function. 
An idealized design of a SOFC anode/electrolyte structure is shown in Fig. 5.6, where the Ni-
YSZ fibers are “grown” out of the YSZ electrolyte disk in a well-ordered manner. By this design,  
Figure 5.6 The ideal electrode/electrolyte design with Ni-YSZ fibers 
the TPBs in the anode can be maximized because of 1) high porosity, so that fuel and water 
vapor can flow in and get out easily; 2) good electrical conductivity, which is brought by the 
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contiguous Ni particles on fiber surfaces; 3) good ionic conductivity, which is due to the dense 
YSZ particles inside the fibers. Another advantage of this fiber-based structure is that the 
percolation threshold of Ni can be greatly reduced because of the uniform distribution of Ni on 
fiber surfaces. By using less Ni, better structural integrity and long term stability of the cell can 
be achieved because the TEC of Ni is dramatically larger than the other cell components. 
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6 Button Cell Fabrication and Testing 
6.1 Requirements of a SOFC Button Cell Testing Substrate 
Because SOFCs’ working temperatures normally ranges from 600 to 800 °C, the testing 
fixture needs to be built inside a furnace that is temperature-programmable. In literature, 
generally there are two kinds of arrangements on how the testing fixture is heated: fully heated 
setup and partially heated setup, as shown in Fig. 6.1 [64,65]. For fully heated ones, the testing 
stand is totally encompassed inside the furnace and the whole stand is heated up uniformly 
during operation; on the other hand, for partially heated arrangement only the portion of the 
stand that is close to where the cell sits will be heated. The pros and cons of the two kinds of 
arrangements are summarized in Table 6.1. 
  
Figure 6.1 Comparison of two kinds of testing substrates in literature: fully heated (left) [64] and 
partially heated (right), where only the top section of the ceramic tube is stuck into a tube furnace 
during operation[65]. 
The testing rig not only is the place where the cell would rest during operation, it also needs to 
have the capability of maintaining stable gas supplies onto both cell surfaces. In most testing 
substrates designed by other authors [64,66,67], the cathode side was exposed to air while the  
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Table 6.1 Differences between the two substrate setup 
 
anode side was sealed onto a ceramic tube, through which hydrogen can be fed. To avoid the 
negative effect of cold gas blowing and cooling cell surfaces and causing temperature vibrations, 
a long gas-supplying pipe running inside the furnace is necessary so that the gas can be preheated. 
Moreover, electrical leads need to run from the cell inside the chamber to outside where 
electrical contacts can be made with the testing instrument.  
While designing the substrate much care needs to be given to how the anode current lead will 
run from inside the hydrogen-feeding tube to outside where measurement can be conducted 
while not breaking the gas-tightness of the substrate. Both “two-probe” and “four-probe” 
techniques can be used for electrical measurement. The difference between the two methods lies 
in the fact that “four-probe” technique uses two additional electrical leads thus current and 
voltage can be measured on two separate pairs of wires, which eliminated the errors brought by 
the resistance of the wires on the whole circuit.  
There are a couple of restrictions on the material selections while designing the testing 
chamber: common materials such as iron or carbon-based composites are better avoided because 
of cells’ high working temperatures; alumina or copper based metals cannot be used since they 
will either oxidize or melt. 
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6.2 Testing Rig Buildup 
In this research, we decided to employ the fully heated design for the substrate and to use the 
“two-probe” method. The main body and gas tubing was built with stainless steel 316 (SS 316) 
because of its excellent mechanical strength and fairly good oxidation resistance under high 
temperatures (see Fig. 6.2 and Fig. 6.3 for the optical image and the schematic of the testing 
substrate built in our lab). Most of the SS parts were purchased from PAC Stainless LTD (Baton 
Rouge, LA) and then assembled in our lab with infrequent help of workshop of the department. 
 
Figure 6.2 The button cell testing setup inside a furnace. 
The center piece of the testing fixture consisted of a union cross (inside diameter 0.75 inch) 
that had a bolt welded at the back, which before cell operation can be mounted on stand that 
supported weight in the furnace. By using reducing connectors, the openings at two sides of 
cross were separately connected to two 1/8 inch-tubing, which ran from the cross to outside of  
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Figure 6.3 Schematic of the button cell testing setup. 
the chamber through the exhaust port at the top surface of the furnace. One of these tubing had a 
piece of 99.99%, 0.0126” in diameter current-carrying gold wire running through, one end of 
which will be welded on the anode side of the cell and the other end connected to the measuring 
instrument; the second tubing was designed as exhaust gas outlet. A short YSZ tube (purchased 
from OrTech Inc., Sacramento CA; OD 0.75’’, ID 0.56’’, length 0.67’’) was slipped into the cross 
top opening and securely bonded by Ceramabond 517 (Aremco Products, Inc., NY). During 
testing the cell will sit on top of the YSZ tube.  
The introduction of the inert ceramic tube can bring multiple benefits: a) it mitigated the 
problem of TEC mismatch between the cell anode and substrate, which will be in close contact to 
ensure air-tight sealing (For example, at cell working temperatures the reported TEC for the YSZ 
tube and anode are 10.5 [68] and 12.5 (depending on Ni content in the anode) [29] respectively, 
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while for SS 316 it is 17.4 [69] (units for all are  10-6/°C); b) The chemical stability and 
mechanical toughness of YSZ tube at working conditions ensured the integrality of sealing as 
well as reusability, compared with easy oxidation and scaling of SS 316; c) Since the hydrogen 
gas is very light and tends to escape easily, the cell was arranged to be placed on the top of the 
substrate with anode surface facing down. Hydrogen gas was introduced from outside of the 
furnace by the third 1/8 inch tubing, which for the purpose of pre-heating spiraled down by a 
couple of coils and got connected to the bottom opening of the cross. This 1/8 inch tubing was 
directly paired up with another larger SS tubing (outside diameter 0.5 inch), which ran through 
the cross and ended only ~0.12 inch below where the cell would be;  the enlarged tubing was for 
uniform gas feeding over the whole active area of the anode. 
6.3 Preparation and Testing of Commercial Button Cells  
To examine the design and effectiveness of the testing substrate, anode-supported button cells 
were purchased (NexTech Materials, Ohio, USA) and gold ink was used to attach gold meshes 
(Alfa Aesar, USA) to both sides of the cell to help with current collection. The optical image of 
the cell with gold mesh glued is shown is Fig. 6.4 (left). Since “two-probe” testing method will 
be used so one electrical gold lead was welded on each mesh. The cell was then installed on the 
testing stand with a silver ring sitting between the cell and the substrate tube to make the seal. 
Silver rings (see Fig. 6.4 (right)) were cut out of a silver sheet (A.D. Mackay, Inc., USA, 99.95% 
purity, 0.254 mm thickness). Cell performance was tested between 600 to 800 °C. During testing 
bubbled hydrogen was maintained at 90 ml/min and the cathode side was exposed to static air in 
the furnace. Fig. 6.5 shows the typical I-V curves obtained at different temperatures. It can be 
seen from the shape and trend of the curves that the testing stand works well and that the 
maximum power density was 0.12 W/cm2 at 800 °C. 
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Figure 6.4 Optical graphs of the commercial cell after attaching the gold mesh (left) and the 
silver ring used for subsequent sealing (right).  
 
Figure 6.5 I-V curves of the commercial anode-supported SOFC. 
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6.4 Deposition of Cell Anodes on Commercial Half Cells 
6.4.1 Fabrication of Fiber-based Anodes 
A slurry-coating method was used to deposit Ni-YSZ fibers as the anode on a commercial 
single-electrode SOFC cell (NexTech Materials, Ohio, USA), which had electrolyte and cathode 
side only (see Fig. 6.6 for the optical images of the cell). The diameter of the 8YSZ-based 
supporting electrolyte is 20 mm and the LSM layer on one side of the electrolyte is 12.5 mm, 
which is considered to be the effective area of the cell.  
 
Figure 6.6 Optical graphs showing the two sides of the commercial half cell used. 
For preparing the anode, the Ni-YSZ fibers were first fired to 500 °C to remove the organics 
introduced during Ni plating. The fiber mats were then ground slightly while retaining the fibers’ 
shape by using an agate mortar. The fibers after grinding are shown in Fig. 6.7. We can see that 
the fiber’s structure is retained after grinding. 
In the next step, an organic solvent system was made by mixing methyl ethyl ketone (MEK) 
and ethanol in a 1:1 weight ratio, and dissolving polyvinyl butyral (PVB) as binder, fish oil as 
dispersant; the fibers were then added and the slurry was mixed thoroughly by stirring; the slurry 
was lastly coated onto the blank side of the electrolyte. After drying in air for 2 h, the coated cell 
was placed into a furnace and fired to 1300 °C for 1 h with temperature ramp of 3°C/min.  
 Figure 6.7 Ground Ni-YSZ fibers 
6.4.2 Quantification of Ni C
In order to determine the Ni concentration in the anode, X
(XPS) (model AXIS 165, Kratos Analytical, Japan) was used. Quantification was conducted 
based on the area of each element’s high
Fig. 6.8 is the top-view FESEM
performed. From the image we can identify the fibers’ structure easily, which meant that the 
proposition of fibrous anode structure has been realized by experiment and has been proved to be 
feasible in practice. 
Fig. 6.9A shows the wide-scan survey spectrum for all elements
based anode; Fig. 6.9B is the sample’s typical h
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Figure 6.9B XPS high-resolution spectrum for NiO. 
6.4.3 Preparation of Powder-based Anodes 
In order to evaluate and compare the above fiber-based cell with the “conventional” powder-
based anode in terms of microstructure and cell performance, a second half cell was coated with 
an anode film by a similar slurry coating technique: NiO powder (Sigma-Aldrich, USA, particle 
size < 50 nm) and YSZ powder (TZ-8Y, Tosoh Corp., Japan) were mixed in a certain ratio so that 
the Ni content was the same as the first cell; the NiO-YSZ was then ball-milled and deposited on 
another half cell and finally calcined using the same temperature program as the first cell. 
6.4.4 Preparing Cells for Testing 
After obtaining the fiber-coated cell and the powder-coated cell, the two cells were prepared 
for testing by applying gold meshes on cell surfaces. The same procedures were used as 
described in Sec. 6.3. Fig. 6.10 shows the optical images of the anode of the two types of cells 
after mesh attachment. 
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Figure 6.10 Optical images of the fiber-coated cell (left) and powder-coated cell (right) after 
mesh attachment. 
6.5 Cell Testing and Characterizations 
6.5.1 Cell I-V Curves 
For performance testing, the cells were installed on the testing substrate and silver ring was 
used for sealing between the cell and the substrate. Cell performance was tested between 600 to 
800 °C. During testing bubbled hydrogen was maintained at 90 ml/min and cathode side was 
exposed to static air in the furnace. 
 The I-V curves of the two cells both having 30 wt% of Ni in the anode are shown in Fig. 6.11 
(a and b). It can be noted that the cells generally performed better at higher temperatures; the 
peak power density, which was reached at 800 °C, was 0.04 and 0.02 W/cm2 for the fiber-based 
cell (Fig. 6.11 (a)) and the powder-based cell (b), respectively. Another interesting point to note 
is that although Ni amount is the same for both cells, the power density of the fiber-based cell is 
dramatically higher than the powder-based one in the whole temperature range. The large 
variations in performance between the two cells were ascribed to the different anode structures 
that were dictated by the anode preparation processes. The detailed analysis is presented bellow.  
  
Figure 6.11 Comparison of the performance of two ce
having fiber-based anode (a) and the cell having conventional powder
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6.5.2 FESEM Characterizations 
In order to understand the microstructure of the cells, the as-received half cell, together with 
the fiber-coated and the powder-coated cell were fractured after testing and the cross-section was 
examined by FESEM. The results are shown in Fig. 6.12. We found that for the as-received half 
cell (see Fig. 6.12A) the thickness of the cathode and electrolyte layer is 24 and 130 µm, 
respectively. When comparing the anode structure in Fig. 6.12B (fiber-coated cell) and Fig. 
6.12C (powder-coated cell), it can be noted that the fiber-coated anode mainly consisted of 
nanofibers, which formed an interconnected network within the anode; on the other hand, the 
particles in the powder-coated anode formed sphere-like granules that are unorganized and are 
not well-connected, which are not advantageous for anode functionality. 
Figure 6.12A FESEM image of the cross-section of the as-received half cell. 
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Figure 6.12B FESEM image of the fiber-based anode. 
Figure 6.12C FESEM image of the powder-based anode. 
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6.5.3 The Microstructure-performance Relations 
To better elucidate the close microstructure-performance relations in the anode, two models 
were established based on the FESEM observations of the microstructures of the two cell (see 
Fig. 6.13): one for the powder-based anode (Fig. 6.13 (left)), in which YSZ and Ni particles are 
assumed spherical shapes; and another for the Ni-coated-YSZ fiber-based anode structure (right). 
 
Figure 6.13 Two models showing conventional Ni-8YSZ structures within anodes for SOFCs 
(left); and novel Ni-coated-8YSZ-fiber concept as anode material for SOFCs (right). In both 
graphs light gray areas represented 8YSZ material, dark gray areas were Ni; possible electron, 
gas and ion paths were indicated: it is obvious that the novel fiber-based structure (right) will 
have better transportations of all three phases. 
In both graphs light gray represents YSZ, and dark gray is Ni; in addition, possible electron, 
gas and ion paths were indicated. It is evident that for the powder-based anode, only incomplete 
and discontinuous passage for the transportation of the “three phases” is achieved, which will 
lead to high anode polarization and thus curtailed cell performance [70]. In contrast, the fiber-
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based structure not only boosts continuous and smooth ion path along YSZ particles inside the 
fibers, it also promotes excellent electron conduction in the Ni layer on fiber surfaces; 
additionally, the spaces between fibers acted as good spots for gas diffusion. In short, in the 
fiber-based anode structure an enlarged 3-dimentional TPB network is formed and thus it will 
give enhanced cell performance.  
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7 Concluding Remarks 
7.1 Conclusions 
Zirconia nanofibers with diameters of ~ 300 nm were fabricated using zirconia dispersion and 
polymer solution on a novel electrospinning apparatus. The nanofibers were found to start 
crystallization in the form of t-phase at 450 °C, showing an endothermic event on corresponding 
HTDSC curve; another endothermic peak from 650 to ~900 °C was confirmed by XRD to be m-
to-t phase transition; nanofibers showed dramatically different thermodynamic behaviors for 
heating and cooling processes during treatment of 5 consecutive thermal circles: m-to-t transition 
temperatures remained around 1197 °C on heating for all 4 circles while on cooling t-to-m 
temperatures increased from 924.9 °C for the first circle to 978.6 °C for the fifth. FESEM 
investigation revealed zirconia fibers calcined to 1000 °C showed thermal grooving, which was 
attributed to surface diffusion during heat treatment; fibers fired to 1370 °C formed the so-called 
“bamboo wires” while bridging and joining of fibers that went through 5 thermal circles to 
1370 °C were so prevailing that they altogether formed an interconnected nano-sized zirconia 
network. 
8YSZ nanofibers were fabricated using electrospinning and the fiber surfaces were 
successfully plated with Ni by an electroless plating technique. The Ni-YSZ fibers were slurry 
coated on a commercial half cell as anode and the cell performance was tested. The Ni 
concentration in the anode was found to be 30 wt% by XPS technique. To compared the novel 
fibrous anode structure with conventional powder-based anode, a second cell with the same Ni 
content in the anode was prepared by mixing Ni and YSZ powders using ball-milling and 
subsequent slurry coating on another half cell. The reason that the maximum power density for  
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the fiber-based cell was twice of that for the powder-based cell is that the interconnected fibers 
resulted in larger TPBs. 
7.2 Recommendations and Future Work 
After two and a half years working on this project, I suggest there be a couple of 
modifications that can be made if this work is to be continued: a) The cell testing-stand may be 
modified to accommodate two additional electrical wires so that 4-probe testing technique can be 
adopted; b) Anode deposition technique can be refined. Although we have demonstrated that the 
slurry coating method we currently used did work and it gave fairly good results, this technique 
still had drawbacks such as hard deposition-thickness control. Some effort may also be made on 
how to improve the interface bonding between the anode and the electrolyte. 
Since the anode has to have excellent electronic conductivity, as well as ionic conductivity, 
the anode can be made into a stand-alone disk and its electrical properties can be investigated 
before it is deposited on a half cell. Two types of anode disks can be prepared: one with the fiber-
based structure and another with conventional powder-based structure. Their different electrical 
behaviors can be examined.  
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